The activity of the thalamus is state dependent. During slow-wave sleep, rhythmic burst firing is prominent, whereas during waking or rapid eye movement sleep, tonic, single-spike activity dominates. These state-dependent changes result from the actions of modulatory neurotransmitters. In the present study, we investigated the functional and cellular effects of the neuropeptide thyrotropin-releasing hormone (TRH) on the spontaneously active ferret geniculate slice. This peptide and its receptors are prominently expressed in the thalamic network, yet the role of thalamic TRH remains obscure. Bath application of TRH resulted in a transient cessation of both spindle waves and the epileptiform slow oscillation induced by application of bicuculline. With intracellular recordings, TRH application to the GABAergic neurons of the perigeniculate (PGN) or thalamocortical cells in the lateral geniculate nucleus resulted in depolarization and increased membrane resistance. In perigeniculate neurons, this effect reversed near the reversal potential for K ϩ , suggesting that it is mediated by a decrease in K ϩ conductance. In thalamocortical cells, the TRH-induced depolarization was of sufficient amplitude to block the generation of rebound Ca 2ϩ spikes, whereas the even larger direct depolarization of PGN neurons transformed these cells from the burst to tonic, single-spike mode of action potential generation. Furthermore, application of TRH prominently enhanced the afterdepolarization that follows rebound Ca 2ϩ spikes, suggesting that this transmitter may also enhance Ca 2ϩ -activated nonspecific currents. These data suggest a novel role for TRH in the brain as an intrinsic regulator of thalamocortical network activity and provide a potential mechanism for the wake-promoting and anti-epileptic effects of this peptide.
Introduction
The activity and signaling characteristics of the thalamus are state dependent because of the intrinsic properties of its cells, their connections, and the state of modulatory influences (Deschênes et al., 1984; Jahnsen and Llinás, 1984a,b; Steriade et al., 1993; McCormick and Bal, 1997) . In the awake attentive animal, thalamocortical neurons are relatively depolarized, discharge almost exclusively in the single-spike firing mode, and faithfully transfer inputs from the sensorium. With the transition to slowwave sleep, thalamic neurons hyperpolarize and increasingly replace single-spike discharge with rhythmic burst firing, such as spindle waves (McCarley et al., 1983; Domich et al., 1986; Steriade et al., 1986 Steriade et al., , 1993 . Spindle waves are observed in the electroencephalogram (EEG) as waxing and waning 6 -15 Hz oscillations (Steriade et al., 1993) . This activity is generated as an interaction between GABAergic neurons of the reticular thalamic/perigeniculate nuclei (nRt/PGN) and thalamocortical neurons (von Krosigk et al., 1993; Bal et al., 1995a,b) . Interestingly, blockade of the GABA A receptor transforms spindle waves into a "paroxysmal" 3 Hz oscillation, which shares characteristics with childhood absence epilepsy spike-wave activity (von Krosigk et al., 1993; Bal et al., 1995a,b; Steriade and Contreras, 1998; Huntsman et al., 1999; McCormick and Contreras, 2001 ). These and other findings (Kostopoulos et al., 1981; Liu et al., 1991; Huguenard and Prince, 1994) indicate that the thalamus may exist in multiple, behaviorally relevant states.
Activity within thalamocortical networks is tightly regulated by several neurotransmitters . In addition to classic neurotransmitters, peptides also play an important role in controlling the firing mode of thalamic neurons. These peptides include cholecystokinin (Cox et al., 1995 (Cox et al., , 1997 Lee and McCormick, 1997) , neuropeptide Y (Sun et al., 2001a,b) , somatostatin (Leresche et al., 2000; Sun et al., 2002) , nociceptin (Meis et al., 2002) , pituitary adenylate cyclase-activated peptide, and vasoactive intestinal peptide (Lee and Cox, 2003; Sun et al., 2003) .
The neuropeptide thyrotropin-releasing hormone (TRH), first discovered as a hypophysiotropic hormone (Boler et al., 1969; Burgus et al., 1969) , is strongly expressed in the nRt (Lechan et al., 1986; Segerson et al., 1987; Burgunder et al., 1999; Heuer et al., 2000) . Furthermore, prominent TRH receptor (TRHR) expression occurs in thalamic relay nuclei (Cao et al., 1998; Heuer et al., 2000; O'Dowd et al., 2000) . Yet despite the documented presence of signaling components, a role for TRH within the thalamocortical circuitry remains to be determined; however, clinical and experimental reports suggest that both ep-ileptic discharge and sleep can be modulated by TRH (Nemeroff et al., 1975; Matsumoto et al., 1987; Ujihara et al., 1991; Momiyama et al., 1996; Nishino et al., 1997) .
Here we investigated the effects of TRH in slices from the ferret geniculate complex, containing both the dorsal lateral geniculate nucleus (LGNd) and the PGN. This in vitro thalamic network displays spontaneous spindle-wave activity with characteristics similar to those observed in vivo during slow-wave sleep (von Krosigk et al., 1993; Bal et al., 1995a,b) . We show that TRH can control the generation of spindle waves and the firing mode of thalamic neurons by modulating resting membrane potential and the amplitude of afterdepolarizing currents (Broberger and McCormick, 2002) .
Materials and Methods
For the preparation of slices, male and female ferrets, ϳ3 months old, were anesthetized deeply with sodium pentobarbital (30 mg/kg) and killed by decapitation. Animal procedures were performed in accordance with Yale University Medical School guidelines for the use of animals in research. The forebrain was removed rapidly, and the hemispheres were separated with a midline incision. Sagittal slices (400 m thick) containing the lateral geniculate/perigeniculate complex were prepared on a Vibratome (Leica, Nussloch, Germany). A modification of the technique developed by Aghajanian and Rasmussen (1989) was used to increase tissue viability. During preparation of slices, the tissue was placed in an ice-cold solution in which NaCl was replaced with sucrose while an osmolarity of 307 mOsm was maintained. After preparation, slices were placed in an interface-style recording chamber (Fine Sciences Tools, Foster City, CA) and allowed to recover for a minimum of 2 h. The bathing medium contained (in mM) 124 NaCl, 2.5 KCl, 2.0 MgSO 4 , 1.25 NaH 2 PO 4 , 2.0 CaCl 2 , 26 NaHCO 3 , and 10 dextrose and was aerated with 95% O 2 /5% CO 2 to a final pH of 7.4. For the first 20 min that the geniculate slices were in the recording chamber, the bathing medium contained an equal mixture of the normal NaCl and the sucrosesubstituted solutions. Bath temperature was maintained at 34Ϫ35°C. The presence of spontaneous spindling activity was determined in all slices by means of extracellular multiple-unit recordings.
Extracellular recordings were obtained with low-resistance (Ͻ1 M⍀) tungsten microelectrodes (Frederick Haer Corporation, Bowdoinham, ME) and bandpass filtered between ϳ300 and 10,000 Hz. Spindle waves are discrete events and remain so also in the dysrhythmic state induced by 10 nM TRH. The recording was divided into 100 s periods, and the number of spindle waves within each period was counted by way of visual inspection. Spindles waves displayed a minimal duration of 2 s, and a full return to baseline was required to separate one spindle wave from the succeeding one. To investigate the bicuculline-induced slow oscillation, these were initiated by brief (10 shocks at 100 Hz) stimulation of afferent fibers via a concentric stimulating electrode placed in the optic radiation. Intracellular recording electrodes were formed on a Sutter Instruments (Novato, CA) P-80 micropipette puller from medium-walled glass (1BF100-4; World Precision Instruments, Sarasota, FL) and beveled on a Sutter Instruments beveller to 60 -120 M⍀ impedance. Micropipettes were filled with 2 M K-acetate. Cells were included in the study if they exhibited input resistances of at least 30 M⍀ (average: 61 Ϯ 26 M⍀ for
LGNd cells, n ϭ 35; 107 Ϯ 60 M⍀ for PGN cells, n ϭ 9) and stable resting membrane potential for at least 10 min (typically 45-120 min) and were able to generate a repetitive barrage of action potentials with the intracellular injection of depolarizing current. For both extracellular and intracellular recordings, electrodes/micropipettes were placed either in the LGNd A-laminas or in the PGN, which were readily visible with epiillumination of the living geniculate slice.
Drugs were applied either via the bath solution (bath application) or locally with the pressure-pulse technique in which the delivery of a brief pulse of nitrogen (10 -100 ms, 200 -350 kPa) was applied to a broken micropipette containing the drug dissolved in bath solution to extrude volumes of 2-20 pl. During local application, the preformed TRH picodrop at the tip of the micropipette end was gently applied to the surface of the slice within 50 m of the entry point of the recording electrode. In control experiments, such application of slice solution did not affect electrical properties or firing patterns of cells. TRH (Phoenix Pharmaceuticals, Belmont, CA), (Ϫ)-bicuculline methiodide (RBI, Natick, MA), and acetyl-␤-methylcholine chloride (Sigma, St. Louis, MO) were dissolved in the recording solution to final concentrations. For data acquisition and analysis, Spike 2, version 4, software (Cambridge Electronic Design, Cambridge, UK) was used.
Results
Extracellular multiunit recordings from the A-laminas of the ferret LGNd slice in vitro revealed the spontaneous occurrence of spindle waves (Figs. 1, 2 A) , in agreement with previous reports (von Krosigk et al., 1993) . Spindle waves appeared as 2-to 4-slong episodes characterized by waxing and waning rhythmic bursting discharge patterns with an intraspindle frequency of 7-8 Hz (Figs. 1 B, 2A) . Bath application of 50 nM TRH resulted in a relatively abrupt cessation of spindle-wave activity within 5-7 min, sometimes preceded by one or two attenuated spindle waves (n ϭ 5) ( Fig. 1 A, C) . Occasionally, the loss of spindle waves was accompanied by increased tonic background firing. In one experiment, spindle waves persisted, albeit highly decreased in amplitude, duration, and rhythmicity. When spindle waves reappeared after washout (typically after 10 min), inter-spindle interval was initially shorter and more variable than under control conditions, but gradually assumed the same, rhythmic configuration as seen before drug application ( Fig. 1 A, D) . A second application of TRH to a slice preexposed to this peptide resulted in a much attenuated response as compared with the initial drug application (data not shown) (n ϭ 2). Interestingly, with prolonged bath application of TRH, the spindle oscillation returned slowly, typically within 10 -20 min, although at lower spindle frequency and at times with sustained tonic firing in between spindles (Fig. 1 E) (n ϭ 5). Concentrations Ͼ50 nM (up to 5 M) also caused reversible cessation of spindling activity (data not shown) (n ϭ 5). In contrast, bath application of a lower concentration of TRH (10 nM) resulted in an increased frequency of occurrence of spindle waves (control, 5.6 Ϯ 0.3 spindle waves per 100 s; TRH, 10.3 Ϯ 2.5 spindle waves per 100 s) (Fig. 1 F) (n ϭ 5) accompanied by a decrease in the regularity of spindle periodicity and the appearance of single cell bursting discharges of ϳ2 Hz frequency (intraburst frequency ϳ300 Hz) (Fig. 1, FbЈ) preceding spindle waves. There was no significant change in intra-spindle frequency (7.6 Ϯ 0.3 Hz, pre-TRH; 7.9 Ϯ 0.4 Hz, post-TRH), although the duration of spindle waves was shortened by an average of 24%. The increase in rate of recurrence of spindle waves was caused by a shortening of inter-spindle wave intervals, which may have resulted secondarily in the decrease in spindle-wave duration.
We have shown previously that bath application of the GABA A receptor antagonist [and blocker of some K Ca2ϩ channels (Debarbieux et al., 1998) ] bicuculline-methiodide can transform spindle waves into 2-3 Hz synchronized network discharges (von Krosigk et al., 1993; Bal et al., 1995a,b) . To examine whether the application of TRH may disrupt these bicuculline-induced oscillations, we first evoked spindle waves with brief stimulation to the optic radiation (10 stimuli; 100 s duration; 40 -400 A amplitude; 100 Hz frequency) (Fig. 2 A) . Bath application of bicuculline-methiodide (25 M) resulted in a shift of the evoked 7 Hz spindle waves to a slow oscillation of ϳ2-3 Hz (Fig. 2 A, B) . Bath application of TRH (200 nM) resulted, within 10 -20 min, in a complete cessation (n ϭ 3 of 6) or marked decrease in duration (from 10.0 Ϯ 3.0 to 3.6 Ϯ 0.6 s; n ϭ 3 of 6) of the bicucullineinduced slow oscillation (Fig. 2C ). Similar to the multiunit recordings described above, TRH bath application often resulted in an increase in the (often low amplitude) background tonic discharge. After washout of TRH, the slow, 2-3 Hz oscillation returned (Fig. 2 D) .
In the LGNd slice in vitro, some types of local GABAergic interneurons can be recognized by their spontaneous steady discharge at 5-15 Hz, their relatively short-duration action potentials, and a strong inhibitory response to the activation of muscarinic receptors (McCormick and Pape, 1988; Pape and McCormick, 1995) . Here we examined the effects of TRH on the spontaneous discharge of 11 putative local GABAergic interneurons in the LGNd identified according to the criteria above (spike width at half-amplitude 0.20 Ϯ 0.10 ms) (Fig. 3) . Local application of the muscarinic agonist acetyl-␤-methylcholine (5 mM in micropipette) to such presumed GABAergic interneurons in the LGNd resulted in a pronounced period of inhibition of actionpotential discharge, as reported previously (Fig. 3A ) (McCormick and Pape, 1988) . Local application of TRH (5 M in micropipette) in the vicinity of the extracellular recording electrode produced no discernible change in the firing pattern of putative interneurons (n ϭ 11). In a few of these cases (Fig. 3, compare B, C) (n ϭ 3 of 11), TRH application resulted in the appearance of tonic firing from units that had not been detectable previously. We presume that these cells may be thalamocortical relay neu- Top histogram shows number of spindle waves per 100 s; the recording was divided into 100 s periods, and the number of spindles waves within each period was counted by way of visual inspection. Spindles waves displayed a minimal duration of 2 s, and a full return to baseline was required to separate one spindle wave from the succeeding one. Bottom traces (a-c) are examples of the raw recording taken at different intervals as indicated in histogram. Rhythmic bursting is observed during application of 10 nM TRH (Fb); inserted expansion (FbЈ) illustrates one such burst consisting of high-frequency discharge at ϳ300 Hz. rons, because those constitute the most abundant cell type in the LGNd. Furthermore, these units produced longer-duration spikes (width at half-amplitude, 0.32 Ϯ 0.14 ms) as compared with the presumed interneurons; in each recording the putative interneuron always exhibited shorter duration action potentials than in those of the putative relay cell. The ratio of "relay" to "interneuron" spike widths at half-amplitude was 1.70 Ϯ 0.15 (Pape and McCormick, 1995) . In the remaining 8 of 11 recordings, TRH application did not cause tonic firing in neurons, although spindle waves were inhibited.
The cells of the nRt/PGN (Houser et al., 1980; Uhlrich et al., 1991) , 1996) . Extracellularly recorded PGN neurons (n ϭ 9) discharge repetitive bursts during spindle waves, and in some cases, with low-frequency (Ͻ1 Hz) rhythmic bursts in between spindle waves (Fig. 4 A-C) . Local application of TRH (1 M in micropipette) to the surface of the slice near the recording site of these units resulted in a cessation of spindle waves and PGN bursting and the appearance of tonic single-spike activity (Fig. 4 A, B) . This tonic firing increased rapidly and then decreased slowly in frequency, during which spindle waves reappeared. As the tonic discharge slowly decreased, cycles of 1-3 Hz rhythmic burst discharge followed by tonic activity appeared (Fig. 4 A, C) . In addition, the transition from spindling to singlespike activity was often associated with the occurrence of two or three rhythmic bursts (Fig. 4 B) . This burst-burst-burst-tonic pattern is intrinsic to PGN GABAergic neurons and has been observed previously after recovery from serotonin-induced depolarization (McCormick and Wang, 1991) . Typically, spindles and spindle wave-associated bursting in PGN neurons was reestablished after ϳ3-5 min. LGNd. The single unit shows regular 12 Hz discharge of short-duration spikes that is transiently inhibited by local application of the muscarinic agonist methylcholine (MCh) (5 mM in micropipette). A, Bottom trace shows discharge frequency of the large (interneuron) unit; note reversible drop in frequency in response to MCh. These characteristics identify this cell as a putative local interneuron (Pape and McCormick, 1995) . Local application of TRH (5 M in micropipette) does not affect firing frequency of this putative interneuron. B, C, Expansions of bottom trace in A, showing interneuron (Int) single-unit activity in B and interneuron and presumed thalamocortical cell (IntϩRelay) activity in C. D, Histogram shows spike incidence for multiple units determined at detection level indicated in C. (Bin size is 100 ms.) Note increased combined spike incidence in response to TRH; the application of TRH resulted in an increase in activity of the smaller multiunit activity (sampled at a lower amplitude), which presumably represents the activity of a subpopulation of thalamocortical cells. 1993). In these cells, spontaneously occurring repetitive (ϳ7 Hz) barrages of IPSPs characteristic of spindle waves recurred typically every 20 s and often resulted in rebound low-threshold Ca 2ϩ spikes (LTS) commonly crowned with bursts (300 -400 Hz) of action potentials (Fig. 5A-D) (Deschênes et al., 1984) . Local application of TRH (1-5 M in micropipette) to the LGNd resulted in a slow (ϳ5 min duration) depolarization of the membrane potential of thalamocortical cells (average, ϩ3.5 Ϯ 1.5 mV; n ϭ 30 of 35) (Fig. 5A) . A small increase in input resistance (average, ϩ10.2 Ϯ 7.8%; n ϭ 16 of 19) accompanied the depolarization, determined as an increased voltage deflection in response to hyperpolarizing current pulses after manual compensation for the change in membrane potential (Fig. 5E) . Concomitant with depolarization, there was a transient cessation or weakening of spindle waveassociated IPSP barrages (Fig. 5A) . In addition, the depolarization was commonly accompanied by either a loss of rebound bursts in response to hyperpolarizing current pulses (n ϭ 5 of 9) or a diminished number of spikes per burst (n ϭ 3 of 9; data not shown). In cells in which the hyperpolarizing pulse elicited an LTS of insufficient amplitude to produce action potentials, the LTS amplitude diminished after TRH application (n ϭ 4 of 4). These decreases in rebound Ca 2ϩ spikes or Ca 2ϩ -mediated burst discharges appeared to be secondary to the TRH-induced depolarization, because compensation for the change in membrane potential resulted in a full return of rebound Ca 2ϩ spike and burst amplitude and intensity (data not shown; n ϭ 12 of 12).
Intracellular recordings of TRH actions in LGNd
Burst discharges in LGNd thalamocortical and PGN neurons are followed by a slow afterdepolarization (ADP) of the membrane potential, which may be generated by a calcium-activated nonselective cation (CAN) current (Figs. 5E, 6 ) Hughes et al., 2002) . Local application of TRH (1-5 M in micropipette) resulted in a marked and long-lasting enhancement of the Ca 2ϩ -spike ADP (Figs. 5E, 6 ). To determine whether the enhanced ADP after TRH application was independent of the depolarization, the amplitude of the hyperpolarizing pulse was adjusted so that a similar voltage deflection was seen in response to the hyperpolarizing pulse both before and after TRH application. In either condition, the presence of TRH resulted in an enhancement of the ADP. In two recorded LGNd cells, TRH application resulted in an enhanced ADP, whereas no increase was seen in apparent input resistance, suggesting that the two phenomena can occur independent of each other. The average increase in the post-Ca 2ϩ spike ADP, calculated as area (mV-ms) under the voltage trace (beginning from the peak of the LTS), was ϩ45 Ϯ 23% (n ϭ 9; p Ͻ 0.01). This measurement of the ADP necessarily includes a portion of the LTS, although the ADP forms the largest component by far.
One characteristic of the CAN current is that it is not supported by Sr 2ϩ ions, although these do support the LTS. To examine whether the slow ADP after a rebound Ca 2ϩ spike in thalamocortical neurons may be mediated by a CAN current, we substituted Sr 2ϩ for Ca 2ϩ in the extracellular solution. When calcium chloride (2 mM) in the recording solution was replaced by strontium chloride (2 mM), the LTS and bursts of action potentials remained, but the slow ADP was abolished (Fig. 6) (n ϭ  4) . In addition, TRH application no longer exhibited an enhanc- E, The application of TRH caused a small increase in apparent input resistance. TRH also enhances the slow afterdepolarization after a rebound low-threshold Ca 2ϩ spike. (Action potential traces in A-E have been truncated for clarity.) F, Example of rhythmic IPSP barrages arriving at ϳ2 Hz in a thalamocortical cell in response to TRH. Under control circumstances, IPSP barrages are rare. G, Expansion of one compound IPSP illustrating that it is composed of IPSPs arriving at ϳ500 Hz, but in which the frequency slows down during the barrage.
ing effect on the late phases of the rebound spike (average, ϩ2 Ϯ 8%; n ϭ 4) (Fig. 6) . With subsequent washout of Sr 2ϩ and reinstatement of a control Ca 2ϩ concentration, the TRH-induced enhancement of the ADP returned (Fig. 6) . In contrast to the block by Sr 2ϩ of the slow ADP, both the depolarizing response and the increase in input resistance in response to TRH application could still be observed during perfusion with the strontiumcontaining solution (n ϭ 4).
In approximately one-half (n ϭ 17 of 35) of the LGNd thalamocortical neurons, TRH application resulted in the appearance of rhythmic barrages of IPSPs (Fig. 5 A, C,F ) . These barrages typically arrived late in the response to TRH, in comparison with the depolarization and enhancement of the post-Ca 2ϩ spike ADP. Notably, under control conditions, similar barrages of IPSPs were rarely seen (except as spindle-associated IPSP barrages) and then only as solitary phenomena. The TRH-induced IPSP barrages occurred rhythmically at ϳ2 Hz and were composed of a burst of individual IPSPs arriving at 200 -500 Hz, with the frequency of arrival decreasing within the burst (Fig. 5D ). This pattern of IPSP barrages is highly suggestive of rhythmic burst firing in a presynaptic GABAergic neuron after the application of TRH, much as is shown for the PGN cell in Figure 4C . Finally, a second application of TRH to LGNd neurons, within ϳ30 min of the first application, generally resulted in an attenuated response, i.e., a smaller depolarization and a less pronounced enhancement of the ADP (data not shown; n ϭ 8), indicating desensitization.
Intracellular recordings of TRH actions in the PGN
The PGN was visually identified and intracellular current-clamp recordings were obtained from neurons exhibiting the electrophysiological features of PGN cells (n ϭ 19) (von Krosigk et al., 1993; Bal et al., 1995b) . Under control conditions, 6 -7 Hz barrages of EPSPs arrived at regular intervals of ϳ20 s to elicit burst discharges characteristic of spindle waves in PGN neurons (Fig.  7 A, B) . Local application of TRH (1 M in micropipette) was followed by a marked depolarization (average, ϩ13 Ϯ 5 mV; n ϭ 10 of 10) (Fig. 7 A, C) , leading to the cessation of spindle bursts and their replacement by tonic action potential discharge. As the TRH-induced depolarization decreased, oscillatory cycles were observed that were associated with the repeated occurrence of a bistable behavior (Fig. 7A) in which there was a sudden hyperpolarization, followed by a rapid depolarization. The sudden depolarization caused the generation of one to three rhythmic burst discharges followed by tonic action potential activity (Fig. 7 A, D) . Gradually, the hyperpolarized portions of this bistable behavior became longer and the depolarized portions shorter, until finally a transition to pre-TRH baseline was obtained. A full recovery from the application of TRH to the PGN could take several minutes to Ͼ10 min. As could be observed in thalamocortical cells, a small (1-2 mV), prolonged hyperpolarization sometimes followed the cessation of the depolarizing response to TRH (Fig.  7A) . The TRH-induced depolarization of PGN neurons was accompanied by a small increase in input resistance (average, ϩ17 Ϯ 7%; n ϭ 10 of 10) (Fig. 7E) as evidenced by increased voltage deflections in response to hyperpolarizing current pulses after manual compensation for changes in membrane potential.
The properties of the TRH-induced depolarization of PGN neurons were further investigated by obtaining continuous cur- Figure 6 . TRH enhances the slow afterdepolarization after Ca 2ϩ spikes; Sr 2ϩ abolishes this effect. Rebound bursts elicited by hyperpolarizing current pulses are followed by an ADP in 2 mM Ca 2ϩ . The amplitude of the current pulses was set to produce similar amplitudes of hyperpolarization in the absence and presence of TRH. Local application of TRH (5 M in micropipette) results in an enhancement of the ADP (left trace). Substituting Ca 2ϩ in the recording solution with Sr 2ϩ blocks the slow ADP and prevents the TRH-induced augmentation (middle trace). When normal Ca 2ϩ concentration is restored (Sr 2ϩ washout; right trace), the ADP returns, and it is again enhanced by TRH. (Action potential traces have been truncated for clarity.) Figure 7 . TRH depolarizes PGN neurons, shifting bursting discharge to tonic firing. A, Intracellular recording from a PGN neuron during local application of TRH. Spindle wave burst discharges are elicited in response to EPSP barrages arriving rhythmically before TRH. Local application of TRH (1 M in micropipette) results in an ϳ15 mV depolarization, causing sudden termination of spindle waves and the replacement of bursts by tonic discharge. As the effect or TRH declines, sudden hyperpolarizations appear that are followed by rhythmic burst discharge and tonic activity. This "hyperpolarization-rhythmic bursting-tonic activity" pattern recurs several times until the cell finally hyperpolarizes and resumes the normal spindle-wave pattern. B-D, Expansion of portions of A. Note intracellularly recorded spontaneous spindle wave with burst superimposed on EPSP barrages ( B), TRH-induced tonic firing (12 Hz) ( C), and tonic afterdischarge preceded by bursts ( D). E, TRH causes an increase in apparent input resistance in PGN neurons, as demonstrated by an increased voltage deflection in response to hyperpolarizing current pulses and after compensation for the change in membrane potential with the intracellular injection of d.c. rent versus voltage (I-V ) plots between approximately Ϫ50 and Ϫ120 mV with single-electrode voltage clamp (Fig. 8) . Local application of TRH (1 M in micropipette) to PGN cells resulted in an inward current, the amplitude of which decreased steadily with hyperpolarization. The difference in I-V currents before and after the application of TRH yielded the TRH-sensitive component. The linear component of the TRH response was associated with a 4 -5 nS decrease in membrane conductance and exhibited an average extrapolated reversal potential of Ϫ118 Ϯ 16 mV (n ϭ 6). This reversal potential is near E K in 2.5 mM [K ϩ ] o (McCormick and Wang, 1991) , indicating that the TRH-mediated depolarization is most likely mediated by a decrease in a K ϩ current.
Discussion
We present evidence that the neuropeptide TRH can potently control the state of thalamocortical activity through depolarization of both thalamocortical cells and GABAergic nRt/PGN neurons. No effect was seen on interneurons in the LGNd, although it should be noted that here we only investigated interneurons that fire tonically and are responsive to methylcholine; additional classes of interneurons may exist (Sanchez-Vives et al., 1996) . These results demonstrate a novel role for TRH and suggest a mechanism of action for the sleep-modulatory and anti-epileptic properties observed in clinical and experimental studies. The response of LGNd neurons to TRH has three distinct components. First, there is a sustained, moderate depolarization, sufficient to block or reduce rebound burst firing . The increased apparent input resistance in thalamocortical cells and the reversal potential near E K of the TRH response in PGN neurons indicates that these depolarizations result from reduction of a resting or "leak" K ϩ conductance in both of these cell types. Although we did not directly measure the reversal potential of the TRH-induced depolarization in thalamocortical cells, the similarity of this response to that in PGN neurons suggests that it operates through the same mechanisms. Notably, in spinal cord neurons TRH elicits a slow depolarization involving a K ϩ conductance (Kolaj et al., 1997) . Recent reports implicate two-pore-domain K ϩ channels as targets for TRH in brainstem neurons (Talley et al., 2000) . Indeed, several thalamic neurotransmitters and peptides converge on this conductance, bringing thalamocortical neurons out of the burstfiring mode and closer to the threshold for tonic discharge (McCormick and Prince, 1986; McCormick and Wang, 1991) , an action that has been suggested as central to the transition from sleep to waking (McCormick, 1992) .
We also observed a prominent enhancement by TRH of the slow afterdepolarization that follows rebound Ca 2ϩ spikemediated burst discharges . Previous studies have attributed this ADP to a CAN cation current (Hasuo et al., 1990; Bal and McCormick, 1993; Partridge et al., 1994; Klink and Alonso, 1997; Zhu et al., 1999; Hughes et al., 2002) , which is consistent with the present finding that the TRHenhanced ADP disappears when Ca 2ϩ is replaced with Sr 2ϩ
[which mimics the electrotonic properties of the LTS (Shuba et al., 1991) but does not activate the CAN current ]. The slow, noninactivating kinetics and amplifying excitatory properties (Partridge and Valenzuela, 1999 ) of the CAN current may provide for a sustained depolarized state in response to TRH. It has been demonstrated that reduction of the leak K ϩ conductance in itself may increase the ADP (Hughes et al., 2002) ; however, the TRH-induced enhancement of the slow ADP described here could be observed also in the absence of an increased input resistance, suggesting that this effect is independent of changes in leak K ϩ conductance and likely the result of direct actions on the CAN current. In preganglionic spinal neurons, TRH (in addition to its action on K ϩ currents) increases a membrane conductance that reverses around Ϫ40 mV (Kolaj et al., 1997) , which is consistent with a nonselective cation current. As in thalamic relay nuclei, the spinal cord expresses the TRHR2 receptor. Activation of the TRHR2 can produce large increases in [Ca 2ϩ ] i (Cao et al., 1998) , which may activate CAN currents (Partridge et al., 1994; Partridge and Valenzuela, 1999) . It is unlikely that the slow and steady depolarization of thalamocortical cells was caused solely by an enhancement of an afterdepolarizing current, because this steady depolarization did not require the presence of low-threshold Ca 2ϩ spikes. Last, the application of TRH to the LGNd resulted in the late arrival of 2 Hz rhythmic IPSP barrages in thalamocortical neurons, consisting of individual IPSPs arriving at 200 -500 Hz. This activity correlates well with the rhythmic burst firing of GABAergic PGN neurons during the late stage of their response to TRH (Figs. 4, 7) . This similarity suggests that local application of TRH in the LGNd resulted either in burst firing in PGN neurons through spillover into the PGN or, more likely, by the activation of PGN-like interneurons within the interlaminar zones of the LGNd (Sanchez-Vives et al., 1996) .
Together, these excitatory actions of TRH on thalamocortical and nRt/PGN neurons provide an explanation for the network effects revealed with extracellular multiunit recordings. The concerted depolarization of many thalamocortical and nRt/PGN neurons would bring the network out of the rhythmic bursting mode that sustains spindle waves (as observed at TRH concentrations of Ն50 nM). The paradoxically increased spindle-wave rate obtained with very low doses (10 nM) of TRH may be caused by a more limited depolarization of thalamic neurons, increasing their excitability while still maintaining the bursting mode, lead- ing to a faster, less organized oscillation. Cholecystokinin, another peptide capable of disrupting thalamic synchrony, in lower doses also paradoxically promotes oscillations (Cox et al., 1997) , an action that was explained as increased recruitment of nRt neurons participating in the oscillatory cycle. These data suggest that increased levels of TRH may result in graded depolarization that can shift thalamic cells between three states: enhancement of spindles, block of spindles, and finally, with stronger depolarizations, induction of tonic, single-spike activity.
The excitatory responses to TRH within the thalamic network indicate that the peptide may play a role in switching the statedependent circuits in the forebrain from the rhythmic, synchronized signaling typical of slow-wave sleep to the stimulusoperated individual firing patterns that underlie sensory processing in the wake state. Indeed, intracerebroventricular administration of TRH dramatically reduces sleep time in rats (Hinkle et al., 2002) . Furthermore, in canine narcolepsy, TRH analogs alleviate the hallmark symptoms of daytime sleepiness and cataplexy (Nishino et al., 1997) . A site of action for these effects has not yet been described. We propose, based on the present data, that actions within the thalamocortical network may underlie, at least in part, the wake-promoting effects of TRH.
We also report that TRH suppressed the 2-3 Hz bicucullineinduced seizure-like discharge in the geniculate slice, a model of absence epilepsy (von Krosigk et al., 1993; Bal et al., 1995a,b; McCormick and Contreras, 2001) . Importantly, clinical studies have identified TRH as an anticonvulsant in children with Lennox-Gastaut and West syndromes (Matsumoto et al., 1987; Takeuchi et al., 2001) and in animal models of epilepsy, including absence epilepsy (Ujihara et al., 1991; Momiyama et al., 1996) . These likely represent central effects because, as also demonstrated for the sleep-modulating effects (Nishino et al., 1997) , TRH doses sufficient to produce anticonvulsive protection do not significantly elevate peripheral thyroid hormone concentrations, and the anticonvulsant actions are not mimicked by activation of the thyroid axis (Nemeroff et al., 1975; Momiyama et al., 1996) . TRH is distinct from most commonly used antiepileptic drugs because its actions may involve excitatory rather than inhibitory effects in the CNS (Takeuchi et al., 2001) .
The lack of specific TRHR antagonists prevents us from ascribing the effects that we have observed to one of the two cloned TRHR subtypes; however, thalamocortical relay cells express TRHR2, whereas TRHR1 is mostly absent from the thalamic complex (Cao et al., 1998; Heuer et al., 2000; O'Dowd et al., 2000) . Neither of these receptors is expressed at significant levels in the rodent nRt. These data, to the extent that they can be extrapolated to the ferret, suggest that although TRH may act on thalamocortical cells via TRHR2, the potent excitatory actions in the PGN are likely mediated by a novel, as yet uncharacterized TRHR. In culture systems, both TRHR1 and TRHR2 display desensitization (O'Dowd et al., 2000; Zaltsman et al., 2000) , apparently through receptor internalization (Nussenzveig et al., 1993; Ashworth et al., 1995) . Removal of TRHRs from the somatic cell membrane may explain why spindle waves reappeared even in the continued presence of TRH, as well as the attenuated responses to a second TRH application. Notably, desensitization to TRH occurred within a relatively short time span, similar to the internalization kinetics described in cultured cells (Ashworth et al., 1995) . Such a mechanism would allow for the relatively rapid reduction and/or termination of TRH action.
TRH is expressed in the nRt/PGN from which it could be released onto relay cells as well as locally within the nRt/PGN itself, perhaps through axonal or dendrodendritic synapses (Ide, 1982; Cucchiaro et al., 1991; Uhlrich et al., 1991; Bal et al., 1995a,b; Sanchez-Vives et al., 1997) . The natural functional effect of TRH in vivo will depend not only on its postsynaptic effects, but also on the circumstances under which it is released. Some neuropeptides are released preferentially during bursting or high-frequency stimulation (Lundberg et al., 1980; Edwards et al., 1982; Jan and Jan, 1982; Lundberg and Hökfelt, 1983) . If TRH is released during burst-dominated events such as spindle waves or seizure activity, the release of this peptide may play a role in the cessation of these network oscillations and the promotion of tonic discharge. This possibility remains to be examined.
Once thalamocortical networks are in the depolarized and tonic discharge state, the release of TRH may decrease, because of the lack of burst firing, or there may be postsynaptic desensitization of neuronal responses, as observed here for prolonged applications of this peptide. If, however, TRH still exhibits a pronounced excitatory effect on nRt/PGN neurons during the waking state, this may result in an increase in the inhibitory tone of thalamocortical cells, suppressing ongoing, background activity without the inhibition of sensory/motor-specific discharge. The exact role of TRH in the control of thalamocortical systems remains to be determined, although clearly it may be functionally important, especially in the generation and control of epilepsy and sleep disorders.
